New world nonhuman primates of the genus Aotus (owl monkeys) can be categorized by 11 distinct karyotypes (K). It has been demonstrated that monkeys of K-VI persistently have one order of magnitude more eosinophils (EOS) in the peripheral blood than K-l monkeys. The purpose of this study was t o investigate the basis for this difference and examine EOS recruitment using two cutaneous models of inflammation. Peripheral blood EOS were isolated on metrizamide gradients t o 295% purity and then used for phenotypic studies. There were no significant differences when comparing karyotypes in the ratio of normodense ( K 4 93.6% ? 3.8%; K-VI, 78.9% f 8.8%) t o hypodense ( K 4 6.4% ? 3.8%; K-VI, 21.1% k 8.8%) EOS or their survival in culture ( K 4 5.3% k 2.9% at 72 hours; K-VI, 2.8% f 0.7% at 72 hours) ( P > ,051.
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Examination of bone marrow revealed that K-VI monkeys had greater than fivefold more EOS and EOS precursors than K-l animals. To examine EOS function in recruitment, monkeys of each karyotype were given a single intradermal injec-OSINOPHILS (EOS) are a small subset (1% to 3%) of leukocytes in the peripheral blood varying in numbers from 0 to 0.45 X 103/pL in most nonhuman primates.
In tissues, these cells traffic to sites of parasitism and localized hypersensitive reactions where they participate in host defense mechanisms, often producing severe tissue damage. Thus, understanding the mechanisms of EOS elicitation and function will likely be useful for the development of therapeutic modalities for allergic and other EOS inflammatory conditions associated with increased recruitment of EOS.
Because nonhuman primates are phylogenetically, antigenically, and anatomically the closest known relatives to humans, their experimental manipulation and study has the potential to define specific cellular and cytokine pathways in EOS elicitation and function. Recent studies on EOS transendothelial migration focused on the chemokines RANTES (Regulated upon Activation, Normal T Expressed and Secreted)'.' and eotaxin.' RANTES is secreted by circulating T cells4-' and is reported to be a potent EOS chemotaxin and EOS-specific activator of oxidative metab~lism.'.'.~ RANTES is also reported to induce transendothelial migration and extravascular migration of
The publication costs ofthis article were defrayed in part bv page chorge payment. This article must therefore be hereby marked "advertisement" in accordance wirh 18 EOS into extracellular spaces.' To explore the role of EOS chemotaxins such as RANTES, an experimental animal model with naturally occurring persistent eosinophilia would be useful.
New world nonhuman primates of the genus Aotus (owl monkeys) have been used as an animal model to study human malaria and human herpesvirus infections.'0,'' The persistence of abnormally high numbers of peripheral blood EOS in select populations of parasite-free captive owl monkeys has been reported." Owl monkeys have been differentiated into 11 distinct karyotypes (KI-XI).I3 Interestingly, K-VI monkeys (Aotus uzurue boliviensis) consistently have one order of magnitude more EOS in peripheral blood than other nonhuman primates, including K-I owl monkeys (Aotus nuncymui), but normal numbers of other circulating leukocytes.I4 The clinical significance of these findings is yet unknown.
The purpose of this study was to further characterize peripheral blood eosinophilia in Aotus monkeys by comparing animals of K-I (normal numbers of peripheral blood EOS) to K-VI (hypereosinophilic). We examined eosinophilopoiesis, phenotypes and survival of isolated EOS, and recruitment of EOS using two cutaneous models of inflammation. We found no difference in K-I and K-VI monkeys when comparing EOS phenotype (ratio of normodense and hypodense EOS) and no difference in EOS survival under various culture conditions. However, there was a difference when comparing bone marrow eosinophilopoiesis and cutaneous EOS recruitment. In contrast to K-I, K-VI monkeys had one order of magnitude more EOS in bone marrow; however, these cells failed to recruit to skin injected intradermally with the chemokine RANTES. splenectomized K-VI owl monkeys were obtained from the Center for Disease Control and Prevention (Atlanta, GA) and were used in a cohort study to examine the potential role of splenic extramedullary hematopoiesis. All experimental animals were kept on a 12 hour lighddark cycle and in accordance with the guidelines prepared by the committee on the Care and Use of Laboratory Animals, National Research Council.
MATERIALS AND METHODS

Animals
Evaluation of peripheral blood leukocytes and bone marrow. Routine hematological analyses, including complete blood counts, were performed daily on peripheral blood of all animals, including the splenectomized K-VI monkeys. As reported previously, all owl monkey karyotypes demonstrated similar diurnal fluctuations of peripheral blood EOS.'2.'4 To reduce the diurnal rhythmic variability in absolute blood leukocyte counts (Fig l) , all samples were obtained between 11:OO AM and 12:00 noon. Bone marrow was collected under general anesthesia (10 mgkg ketamine hydrochloride given intramuscularly) from the iliac crest of six monkeys (three K-I and three K-VI) using a 20-g bone marrow aspirate needle (Becton Dickinson, Rutherford, NJ). Bone marrow specimens were obtained at the same time interval as peripheral blood. Smears of peripheral blood and bone marrow were reacted with the EOS-enhancing stain Vital New Red (VNR; Pfaltz and Bauer, Waterbury, CT) using standard p r o c e d~r e . '~. '~ An average of three bone marrow smears were evaluated per animal in a double-blind fashion. The absolute number of EOS and EOS precursors per lo3 myeloid cells were counted.
Isolation of EOS in metrizamide gradients. Peripheral blood EOS were isolated from six clinically normal owl monkeys of each karyotype using sodium metrizoate-methylcellulose sedimentation and discontinuous metrizamide density gradient separation techniques as described previ~usly.'~.'~ Briefly, 2 mL of heparinized peripheral blood was layered over 1.5 mL sterile 1.6% methylcellulose and 33.9% metrizoic acid-NaOH (Sigma, St Louis, MO) in 10-mL centrifuge tubes. The preparations were incubated 1 hour at 25°C to allow erythrocyte clumping and sedimentation. The leukocyte layer was then removed and combined with an equal volume of RPMI-1640 media supplemented with DNase I, 2 mmoVL L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 10 mmoVL HEPES, and 10% fetal bovine serum (all cell culture reagents, except where noted otherwise, were obtained from GIBCO Laboratories, Grand Island, NY). The cells were centrifuged (250g, 4"C, 10 minutes) and resuspended at 5 x lo7 per 1.5 mL. Cytospin preparations were examined to evaluate EOS yield. Metrizamide gradient solutions of 18%, 20%, 21%, 22%, 23%. and 24% (wr/vol) were prepared in Tyrode's buffer (Sigma) containing 0.1% gelatin and 45 U/mL DNase I. In sequence of decreasing density, 2 mL of each metrizamide solution were layered onto one another and 5 X lo7 leukocytes (1.5 mL) were applied. The preparations were centrifuged (1,OOOg.
25T, 45 minutes) and cells from each fraction collected, rinsed, counted, and viability assessed by Trypan blue dye exclusion. Cytospin preparations were used to determine differential counts and to compute the absolute number of EOS in each fraction. By convention" and ultrastructural examination'' of human EOS, EOS recovered from metrizamide gradients of 18% to 21% were considered to be hypodense and those retrieved from 22% to 24% gradients were normodense.
Electron microscopy. Cells collected from the buffy coat and from the 20/21% and 23/24% metrizamide fractions were fixed in half-strength Kamovsky's fixative,'" washed in 0.1 molL cacodylate buffer, postfixed in 1% osmium tetroxide, dehydrated, treated with propylene oxide, and embedded in Epon. Embedded cells were cut in ultrathin sections, stained with uranyl acetate and lead citrate, and analyzed with a JOEL 100s transmission electron microscope. All reagents for electron microscopy were obtained from Stevens Metallurgical C o p (New York, NY).
Eosinophil cultures. Freshly isolated EOS (1 to 4 X 10') were separated by metrizamide gradients and fractions were suspended in RPMI-1640 medium, as described previously, and applied to 24-well flat-bottom plastic tissue culture plates. Multiple wells contained K-I hypodense, K-I normodense, K-VI hypodense, and K-VI normodense EOS. The viability of cultured EOS was assessed at 24-hour intervals. Cell culture media were changed every 48 hours and cultures were maintained until viable cells were negligible. In addition, cultures of normodense EOS were supplemented with 10% K-I sera or 10% K-VI sera to assess the potential effect of serum factors on cell viability.
Injammatory models. To test the utility of human RANTES in owl monkeys, peripheral blood mononuclear cells (PBMC) and EOS from two K-I and two K-VI monkeys were evaluated for mobilization of intracellular-free calcium in response to RANTES, by methods described p r e v i~u s l y .~~~'~'~ Briefly, using flow cytometry, intracellular calcium flux was determined with the calcium-sensitive fluorochrome, Fluo-3 (flu0-3-acetoxymethylester) .''~'~ Addition of 100 ng/mL human RANTES to lo5 K-I or K-VI owl monkey PBMC or lo4 EOS consistently resulted in a >16% change in free calcium, indicating that both karyotypes responded to human RANTES.
Acute cutaneous injury was induced by intradermal injection of Escherichia coli lipopolysaccharide (LPS; 0.05 mg/site; Sigma) or recombinant human RANTES (500 @site; Genzyme, Cambridge, MA) in three healthy owl monkeys of K-I and three of K-VI phenotype. Intradermal injections were made in the skin over the dorsum. Skin punch biopsies (5 mm) were taken at 0, 2, 8, and 24 hours after injection. As a control, healthy K-I and K-VI owl monkeys received intradermal injections of pyrogen-free saline and were subjected to the same experimental conditions as the study animals. At the time of biopsy, representative tissue was formalin-fixed and snapfrozen for histopathological evaluation. In addition, peripheral blood was collected at each biopsy time point to control for potential diurnal variations in cutaneous EOS infiltration.
Tissue evaluation. Formalin-fixed skin samples from each biopsy time point were stained with VNR and read using bright field microscopy in a blind fashion and scored on the basis of relative numbers and types of infiltrating cells. In addition, snap-frozen skin samples were evaluated for relative expression of vascular cell adhesion molecule-l (VCAM-1) (MoAb 2G7; W. Newman, Otsuka America Pharmaceutical Inc) using methods described prev i o u~l y . '~~~~ Owl monkeys of karyotype l had normal numbers of peripheral blood eosinophils and those of karyotype VI were persistently hypereosinophilic. There was a marked difference in bone marrow eosinophilopoiesis when comparing karyotype I (n = 3) to karyotype VI (n = 3) ( P = .02; t-test). Results represent the mean i SEM of EOS and EOS precursors per lo3 myeloid cells and samples taken at the time of bone marrow collection expressed as the mean t SEM.
RESULTS
Hematological jndings.
Peripheral blood eosinophilia (3.7 2 1.2 X 103/pL) was only observed in K-VI owl monkeys, and, as reported previou~ly,'~''~ animals of both karyotypes exhibited a diurnal fluctuation so that lower numbers were seen at the beginning of the nocturnal activity cycle (Fig 1) . In previous studies, healthy nonparasitized K-VI monkeys from the same NERPRC colony were shown to maintain elevated and relatively stable EOS counts for more than 10 years.I4 Interestingly, splenectomized K-VI owl monkeys obtained from the Center for Disease Control and Prevention had similar numbers of peripheral blood EOS ( P < .01). Normal EOS counts (0.4 i-0.3 X 103/pL) were observed in healthy K-I monkeys. Administration of intradermal RANTES or LPS did not alter the normal diurnal rhythm of peripheral blood EOS (P > .05).
Evaluation of bone marrow. Bone marrow from three K-I and three K-VI owl monkeys was evaluated. The average number of EOS and EOS precursors was determined per 10' myeloid cells and expressed as a percentage (Table 1) . The K-I monkeys had 3.4% to 4.0% EOS and EOS precursors, whereas K-VI monkeys had 25.4% to 38.0% (Fig 2) . There was an excellent correlation in K-VI monkeys when comparing the percentage of peripheral blood EOS with bone marrow EOS when collected at the same time interval (P = ,003, Table 1) .
Density gradient and ultrastructural projiles of peripheral blood EOS. Based on separation of EOS on metrizamide gradients, most cells isolated from K-I (93.6% 2 3.8%) and K-VI (78.9% 2 8.8%) owl monkeys were normodense, whereas fewer hypodense EOS were identified in both K-I (6.4% -t 3.8%) and K-VI (21.1% 2 8.7%) animals (Fig  3) . Although there was a trend for increased numbers of hypodense EOS from K-VI monkeys when compared with K-I animals, the difference was not significant ( P = .15). EOS recovered from metrizamide gradients 5 2 2 % and 2 2 3 % were examined ultrastructurally. A similar but heterogenous population of cells, containing granules of varying ALBERT ET AL size and shape and some with lucent cores, were observed in both metrizamide fractions and from both owl monkey phenotypes. However, most (>80%) of these cells had normodense structure.
Survival of EOS in culture. EOS viability in culture was assessed at 24-hour intervals (Fig 4) . Only a small percentage of K-I (4.8% 2 2.4%) and K-VI (2.8% t 0.7%) EOS remained viable 72 hours after isolation. There was no difference in EOS survival based on karyotype (K-I or K-VI), density gradient phenotype (normodense or hypodense), or culture conditions with or without serum supplements from K-I or K-VI animals (P = 32).
Cutaneous eosinophil recruitment. Recombinant human RANTES and E coli LPS were injected into the dermis and used to compare transendothelial migration and recruitment kinetics of peripheral blood EOS in K-I and K-VI owl monkeys (Table 2) . Within 2 hours after injection with both reagents, the most notable histologic changes were disruption of the superficial dermal collagen, presence of scant numbers of extravasated red blood cells, and slight dilation of postcapillary venules within the superficial vascular plexus. By 8 hours after LPS injection, ballooning change, spongiosis, exocytosis of mononuclear cells (K-I, 16.3% t 1.8%; K-VI, 18.5% 2 1.5%) and polymorphonuclear cells (PMNs) (K-I, 83.7% ? 1.8%; K-VI, 81.8% 2 2.0%), spongiform pustules, and necrosis of individual keratinocytes was evident. PMNs consisted mainly of neutrophils with fewer EOS (Fig 5A and B, see page 1721 ). At 24 hours after LPS, there were large numbers of PMN and mononuclear cells throughout the dermis and subcutis of both karyotypes. Collectively, both karyotypes vigorously responded to intrddermal LPS. In comparison, early degenerative changes were present in the dermis within 2 hours of injection with RANTES (similar to LPS at 2 hours). However, by 8 hours after injection, leukocyte infiltration in K-I monkeys consisted almost exclusively of PMN, most of which were EOS (94.8% t 0.7%) (Fig 5C) . At the same time point, there was essentially no intradermal leukocyte infiltration in K-VI monkeys (Fig 5D) . Interestingly, arterioles and venules in K-VI monkeys were congested and contained numerous EOS. Saline-injected skin was characterized by slight dermal collagen disruption, mild edema of the superficial dermis, and no leukocyte infiltration.
Among other receptors, EOS use very late antigen-4 (VLA-4)/VCAM-I as an adherence pathway. However, examination of VCAM-l expression in RANTES-injected skin from K-I or K-VI monkeys revealed that VCAM-1 was either not detected or its expression was minimal. In contrast, endothelium-associated VCAM-I was highly expressed in skin injected with LPS and from both karyotypes.
A systematic analysis of a variety of postmortem tissues from K-I and K-VI owl monkeys that died of various causes showed similar numbers of tissue EOS, suggesting that EOS of both karyotypes could transcend vascular endothelium (data not shown).
DISCUSSION
In this study, we describe two populations of owl monkeys, one (K-l, A nancymai) with relatively low numbers of circulating EOS and the other (K-VI, A azarae boliviensis) with persistently higher numbers of EOS. In addition, we provide evidence that this karyotype-specific eosinophilia was not associated with increased EOS survival or altered EOS phenotype. K-VI animals had a marked increase in bone marrow eosinophilopoiesis that was associated with EOS dysfunction in response to the chemotactic factor RANTES. This syndrome, specific to K-VI owl monkeys, represents a non-neoplastic myeloproliferative disorder because the affected EOS maintain normal cytological and ultrastructural morphology, and there is no increase in granulopoietic tumors within this karyotype.
Inasmuch as persistent peripheral blood eosinophilia in these animals is only associated with K-VI owl monkeys, is breed-specific, and environmental factors are identical between the two groups, it is likely that genetic factors in A azarae boliviensis are involved in this observation. Genetically controlled inducible eosinophilia has been reported in several high-responder strains of mice." In these mice, the spleen participates in eosinophilopoiesis.'" Thus, we examined the blood from I 1 splenectomized K-VI owl monkeys, and the results indicated no significant difference in mean EOS numbers in splenectomized compared with normal K-VI owl monkeys. Therefore, the spleen was not a significant site of eosinophilopoiesis in A azarae boliviensis. However, there was a marked difference in bone marrow eosinophilopoiesis; bone marrow progenitors were markedly increased in K-VI animals and were associated with increased numbers of EOS in the peripheral circulatory pool when compared with K-I animals.
Peripheral blood eosinophilia in the K-VI owl monkey shares some characteristic features with those seen in humans with hypereosinophilic syndrome (HES). Both have persistently elevated blood EOS counts, generally greater than 1.5 X IO'/,uL, and no determined etiologic basis. However, unlike HES in which the hypodense EOS phenotype predominates in peripheral blood based on density gradient3' and ultrastructural'" studies, we found no difference in the survivability of EOS in culture or the ratio of normodense and hypodense EOS when comparing K-l and hypereosinophilic K-VI animals. In fact, hypodense EOS represented <20% of all peripheral EOS. Hypodense EOS from humans with HES are reported to have smaller granules with electron-lucent crystalloid cores than normal individuals.'''.32 This was not a predominant feature of EOS from K-VI owl monkeys. The longevity of human EOS in vitro is reported to be prolonged by the addition of selected serum factors, including the Th2-mediated cytokines granulocyte-macrophage colony-stimulating factor, interleukin-3 (IL-3), and such as adding sera from different owl monkey karyotypes, we were unable to significantly alter EOS survival in vitro. Recently, IL-5 was shown to upregulate the response of normal human EOS to activation by the chemokine RANTES.'" and pre-exposure of EOS to IL-5 dramatically potentiated the transendothelial response to RANTES.'.R In addition, RANTES-induced transendothelial migration of EOS was shown to be concentration dependent and did not induce the transendothelial migration of other PMNs.' In the present study, a relatively pure cutaneous eosinophilic infiltrate was observed in K-l monkeys in response to RANTES. Other investigators demonstrated that intracutaneously administered RANTES elicits a mixed leukocyte infiltrate with EOS pred~minating."'.~ Although variations in technique, cell quantification, or reagents may account for this observational difference, we cannot rule out that K-l animals have altered kinetics of RANTES-induced leukocyte recruitment to tissues compared with other species. Whether this difference is secondary to changes in expression of Th2-mediated cytokines and RANTES responsiveness, functional differences on chemokine stimulation in various leukocyte subsets, or other mechanisms relating to differential leuko- For personal use only. on October 27, 2017. by guest www.bloodjournal.org From 
